
.i 

-- 

RESEARCH MEMORANDUM 

PRELIMINARY INVESTIGATION O F  CONSTANT-GEOMETRY, 

VARIABLE MACH NUMBER, SUPERSONIC TUNNEL 

WITH POROUS WALLS 

By W~lliam J. Nelson and Paul L. Klevait 

Langley Aeronautical Laboratory 
Langley Air Force Base, V a  

NATIONAL  ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 
May 3, 1950 

UNCLASSIFIED 



" " -c 

ITACA RM LWBOI 

RATIONAL ADVISORY CO-FOR AERONAWICS 

By William J. Nelaon and Paul L. Klevatt 

A method of generating variable Mach number  supersanic f low In a 
channel of fixed  geometry by the removal of air through uniform poroua 
walls is discussed.  Calculated  porosity  distributians are presented 
for  several minfmum-length nozzles designed to operate at Mach numbers 
up to 2.0. The axial pressure gradient hae been calculated for  several 
constant-porosity walls over a range of Mach nunibere. The-applicability 
of these ca;lculatiane to a two-dimensional t m e l  is illustrated by 
comparison of calculated and experimentally determined pressure gradients 

In the 2' by &inch  channel at Mach numbers fn the range covered in the 

present teste ,  0.99 -to 1.17. Schlieren  photographs of the flow fn the 
experimental .channel are also presented. 

x- 2 

The  development  of  variable M a c h  number  supersonic w i n d  tunnels 
has received a great  &eal of attention  during  recent  years.  Several 
schemes for varying the  Mach  number  by  changing  the tunnel geometry 
have  been  tried.  These  include mving nozzle  blocks  (references 1, 2, 
and 3) and flexible w a l l s  (references 4 and 5). Another  type of vari- 
able Mach number wind tunnel being  investigated by the  National Advisory 
Committee  for  Aeronautics and others  utilizes a series of longi tudind 
slots in fixed tunnel walls. In these f ked-geometry tunnels the Mach 
number is varied by changing the  pressure in the  slots  relative to the 
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the stream  stagnation  presswe. Preliminary results of  this work are 
available in references 6 t o  9. 

The present k v e s t i g a t i a n  is a contFnuatim of the  slotted-tunnel 
work btrt u t i l i z e s  porous metal l ic  w a l l s  rather than a finite,  nuuiber of 
paeeageer aa employed in the s lo t t ed  tunneler. Efther the slotted or the  
porous-wall tunnels offer the possibi l i ty  of avoidance of transonic 
choking in  addition t o  var ia t ion  of the auper~lonic Mach number with f i r e d  
geametm. Research on both  pOBSibilitie8 le i n  pogreBB, but the present 
paper is concernad only w i t h  the problem of variable augersonic Mach 
nuiber. This report  contaim a simplified analysis of the tunnel-& 
character is t ice  required to generate  ehock-free  supersonic flow in mid- 
rmrm distance  together. wlth calculated and experimental preseure dilstri- 
butione along a conatant-cross-section  channel with w d U  of . l u m w n  porosity. 
All calculations were baeed upon the  methcxis which are discmeed I n  refer- 
ence 10 ming tabular data from reference 11. The experimental data pre- 
sented were obtained i n  a symmetrical -el of rectangular croas Bec- 

t i o n  ($ by k inches . T h i s  work was done under steady-flcw  conditions 

w i t h  air supplied at elevated preesuree w h i l e  atmospheric pressure wae 
maintained i n  the ar0a surroundin@; the  tunnel. The-work VU initiated 
at the Langley i n t e r n  aerodynamics sect ion tn the summer of 1948 and 
is continuing. 

I )  

. .  

a 

g 

P 

AP 

M 

V 

6 

Y 

P 

V 

X 

sonic  velocity 

acceleration due t o  gravity 

local: s t a t i c  pressure 

loca l  yreeeure difference across porous aurface 

local Mach nwnber 

v e l m i t y  

angle of f l o w  relative to wall 

r a t i o  of specific heats  

masg density 

cumulative e m  of expansive. devia t ime of  stream from 
direction of flow a t  M = 1.0 

distance along pornus eectim..  
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h height  of  chazlnel 

Subscripts 

D design  condition 

0 stagnatian  condition 

n cmponent normal to porous wall 

The difference in Mach  number between any two points In a two- 
dimensianal  eupereonic tunnel beam a unique  relatianship t o  the  cumu- 
lative sum of the angular deviations  to  which" stream has been 
subjected  between  those  points. A complete  diecussian  of t he  relation- 
ship between the Mach number and stream  deviaticq  can be fomd in 
reference 10, chapter 2. If the direction of flow  at M = 1.00 is ta3ren 
as a basis  of  reference,  this relatidip may be expressed a6 

-1 r Y t l  . 

I \  



4 NACA RM L50BOI 

direct ion of fl'w throu@ the second Pamfly erpansim, the design Mach 
number w i l l  be reached in the mhimum distance xith ccmtinwus acceler- 
a t ion of t h e  stream. The result- nozzle is of the genera type darn 
in the  characterist ic diagram of figure 1. Along the tunnel wall the 
velocity camponant normal to the tunnel a x i s  increases f r o m  0 t o  a maxi- 
mum at a value carrespondfng to d 2  at tbe point  of initial turning; 
continued  acceleration of the stream beyond t h i s  point is accomplished 
by curvature of the streamlines in the oppoeite d i r e c t i w  w i t h  resul t ing 
reduct im . I n  the no& cnmponent im zero. The magdtude of these 
velocity components is shown for several minimum-length nozzles i n  
figure 2 ( a ) .  The curves, drawn as a function of Y, are  for  cmpletenese 
presented  for both first and second family expansione'althnugh the region 
of  T a c t i c a l   i n t e r e s t  i s  l imi ted   to  that section of the curve13 drawn 
double  weight. If the so l id  w a l l  is replaced by a porou~l wall paretllel 
t o  the.  plane of spmetw, the velocity component normal t o  the tunnel 
axis becomes the component normal to t h i s  wall; if  the porosity of the 
wall l e  euch that t h i s  flow may pase through t h e  wall, minimum-length 
nozzle fluw w i l l '  be real ized.  The pressure  variation as a function of y 
is also shown Fn figure 2 ( a ) .  

The r a t e  of flow  tbough any porous material  i s  determined by the 
pressure difference acrws it and by i ts  lOS8 characterist ics;  thus, any 
f l o w  distribution  can be obtained by a suitable matching of the pressure 
d i r f e ren t i a l  &cro8s the material and i t a  loss character is t ice .  The 
following analysis is based upon maintaining a constant-pressure chamber 
outside the porous wall and varying i ts  resistance  to  flow t o  obtain  the 
desired normal flow rate. Since the final pressure reached in the channel 
w i l l  be equal t o  t ha t  in  the chamber outside the porou~l wall, the presaure 
increment  acroas the wall at  any point w l l l  be equal t o  the difference 
between the local   e ta t ic   preasure and that correspmding t o  the deeifpl 
Mach number. This  difference,   for  the  dock-free nozzles of figure 2(a), 
is plot ted In figure  2(b) . 

The velocity cmponent normal t o  the wall and the ure8aure difference 

across it have been cm'bined fnto a single parameter, %j , and plotted 

as a function of v in f igure 3(a). As in the precem'g  f igures ,  the 
f i r e t  and second family expaneions are  different ia ted by weight of line. 
For minimum-length nozzles, in which only 'the variat ian acmes the aecond 
family expansion is pertinent,  t h e  t o t a l  change in the ordinate i s  rela-  
tively mall =til the hi&r Mach numbere are reached. To show t h e  
rm-ge of porosi t ies  that will be required f o r  materials across which the 
pressure drop varies l ~ n e a r ~ y  w i t h  pgv and p6,. corresponding c m e e  
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AS in figure 3(a),  these curves &re, for  completeness, drawn f o r  the 
f i rs t  family expansfon as well BB for the second. F r a u  a cmparison 
of these  curpee it is apparent that, for a even Mach nmber, 8 material 
for which the relationship  between 4 and pgv remains esaentiallg 
constant offers a much  closer  approximation to-the- ideal  porosity than 
one in which Ap  vmies with p a 2 ,  since in the latter  material t h e  
proportionality  constant  decreases to 0; this cmditlm corresponds t o  
a solid w a l l  at the nozzle  exit. 

'Curves of the ratio of-the wei#t f low ccglrponent normal to the 
porous wall to t he  pressure drop across it, pgTn/Ap, as obtained f r a a n  
figure 3(b), a r e  presented in figure 4 as a fmction of distame dong 
the  nozzle  for minirmrm-langth nozzles designed  to  operate  at Mach nmbers 
of 1.1, 1.2, 1.5, and 2 .O . For these curve8 To was assumed  constant 
at 50O0.R. From a cansideration of the staguation  constants In the 
ordinates of figures ?(a) to 5(c), it c&z1 be seen that the porosity 
varies &8 the square root of the stagnatian  temperature. The length of 
nozzle  required  to  generate a Mach number of 1.U i s  approximately equal 
to one" the twmel height; incresshg distances  will  be  required  to 
attain  higher Mach numbers (x = .h f o r  M = 1.5 and x + 2h for 
M = 2.0). 

Corresponding curpea  based upon pressure drop ae a function of 
pmn2 . heve not been prepared s.ince it is apparent from figure 3(c) that 
shock-free f l a r e  will require a xide. range of porosity. Although it is 
possible to attaln good flow wfth such characteristics,  it  appeers 
probable tha,t over a range of Mach nmbers materiale across which the 
pressure drop varies llnewly wfth the DBBB flow will provide the more 
satisfactory  aolutian. 

- " 

Pressure distribution with constant  pomeity.- In the preceding 
section it was observed that t h e  attainment of shock-free  aupereanic 
flow in a porous-walled chann requires a prescribed  rate of a i r  flaw 
across  the cl.lannel bomdary. Tt was also ahown that, for a minimum- 
length nozzle, the required lo c al rate of air  removal varied approxi- 
mately with the first power of t h e  difference  between the local pressure 
&d the  pressure correspondfng to t h e  f i n d  Mach nmiber. To detel.mine 
the siepificance of departures fKna the calculated ide 2 porosity, the 
pressure gpulLent along the center line of a two-dimensional  channel 

significance of departures Fram the calculated  ideal  porositg is sham 
in figures ?(a) to 5(c) where the pressure gradient along t he  center 

With W d l 8  Of C&Btmt WI'OEIty p@n/Ap h a E  be= CdCUIAted. The 
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l i n e  of a two-dimansianal  channel has been determhed  for wall0 a c r o s ~  
which the wefght  flow to pressure difference at To = 500' was 0.0055, 
0.011, and 0.018. The pressures dong a channel ~ i t h  w a l l s  of known 
porosity were detelplined by i t e ra t ion .  The normal campanent of the 
weight  flow ra te ,  p m n y  was determined for aseumsd values of V by 
placing p a n - =  p@a sin 8 and again from the known porosity by m u l t i -  
ply ing  p@sFTn/Ap  by the  pressure  difference  corresponding to the aseumed 
va lues  of V .  A t  equilibrium, the value of pgVn i e  independent of  the 
method of calculation;  the  corresponding flow angle  relative to the w a l l  
was then determined from the  intersect ian of  the two c m e e  of p e n  

against V .  By repeating t h i s  process, the pressure dist r ibut ion through- 
out the length of the channel w a e  determined. 

The curves  preaented ip f f p e  5 ahow that for  - p@n - - 0.0053 the 
AP 

distance  required to reach a Mach nmber of 1.10 is approximately one- 
half the tunnel height  greater than that required  for  the minimum-length 
nozzle of figure 4; for. all higher Mach numbers the. added distance 
required  to  reach  equilibrium f l o w  is  much greater. Increaelng the 
porosi tg . to  0.0~- ( f i g .  5 ( b ) )  appreciably  reduces the distance  required 
t o  reach equilibrium  for all Mach numbers; M = 1.10 is reached in 
approximately the same dletance  required by the minimum-length shock-free 
nozzle;  greater than minimum length is  required, hoyever, for all greater 
Mach numbers and since the length of  the tunnel would be determined by 
the  maximum Mach  number t o  be reached, this porosfty a l a 0  is too 

APPARATUS - 

The general arrangeanent of the experimental apparatw ahowing a view 
of  the t e s t  channel, the porous upper and lower w a l l s ,  and the preseure 
tube wed in making the  static-pressure surveys is presented as ffgure 6 .  
The contraction  ratio of the antrance b e l l  ahead of the teet   sect ion waa 

. .  

. .. . 

approximately 70:l. The $- by &-inch 1 rectangular c r o s ~  section of t h o  - 
2. . . . - .. . . . . . . - . . .. . . _ "  
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channel  was  canstant  throughout  the  porous  region.  Detailed  pictures 
of the  porous walls are preemted as figure 7. These  surfaces  were 
selected  commercial grade sintered bronze sheets  consisting  of ther- 
mally banded  'bronze  particles  approximately 0.005 inch in diameter 
rolled to a thickness of 0.08 inch. The pieces used fn t h i s  investigation 
had the  smoothest  surface  finish of any samplee readily  available. The 
surface  correepanded roughly to  the surface of 120 wet-or--  paper. 
Structural stiffness was provided by three 1ongitudintLL bars tapered  to 

x- inch  width  at t h e  point  of cmtact e t h  t h e  sbtered bronze;  lateral 

support was provided at the ends only. 
The --inch-diameter  Pitot-static  tube  used in making the static- I 

8 
pressure m e y e  had four static  orifices 0.031 inch in diameter;  the 
total-pressure open- was 0 .O5O lnch Fn diameter.  Stagnation  pressure 
and temperature w e r e  recorded at a point  upstream of  the  entrance  bell. 
A schlieren  optical system, with  6-inch-diamster mirrors and a spark 
li&t source which produced Intermittent  flashe-s  of approximately 
10 microsecmds, was used in $otographing the flar. 

The  foregoing  analysis has ahom the desirability  of a porous 
material  that  approxFmates a linear variatim of p a n  with Ap for 
use in generating +form supersonic flows. Such materials,  however, 
were n o t  available  for w e  in this  tnvestigation. An experimental  check 
of this method of  calculatian X&B therefore  attempted using the material 
at  hand and calculating the pressure diEtribUtiW from an experbentally 
determined  calibration. The afr f l o w  through the  sintered  branze is 
shown as a function of the pressure  difference acmsa the  material In 
figure 8. The apparatus used in the'calibratian is shown  schematically 
in the upper part of  this  figure. In applying this calibration it has 
been  assumed  that  the loss characteristics are a fmcticjn  of the velocity 
compnent normal  to the surface and e completely  Independent of any 
camponent parallel to  the-surface. The calculated pressure gradients are 
cmpared In figwe 9 with the erperimental press- distributions  at 
supersonic Mach numbers up to 1.17; this limit m a  established. by t h e  
pressure  ratios  available with existing equipment and does nbt.represent 
a tunnel limitatim. Corresponding schlieren  photographs of the flow are 
presented in figure 10. 

Ih general, the experimental data are  consistent with the calculated 
curves.  Differences fn absolute d u e s  of t h e  pressure ratio as deter- 
mined f r o m  calculation  and  experiment are, at the forward end  of  the 
nozzle,  attributed  to  failure  of  the  calculations  to allow for 
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nanunifomity of flow a t  this point. The abrupt turn assumed in the 
calculations can  be realized only Fn the absence of boundary layer at 
the  entrance  eection  eince t h e  presence of a layer of e u b s d c  air at 
the  point of t u r n k g  will appreciably reduce the rate at  which the flow 
direction may be changed. Evidence of &uniform f l o w  at the  tunnel 
inlet can be found in the  echlieren  photographs at t h e  lef t  eide of 

figure 10, d e r e  multiple shocks  ahead of the porous f loor  $ -0.4 
reach  Into- t h e  flow but do not completely span the channel. Exparimen- 
t a l l y  determined  velocity  profiles at the  inlet   indicated that the 
dieplacement  thickne.68 of the boundary layer m e  approximateQ 0.02 inch 
for   theee  tes ts .   Frau one-diruemional cansideratlane it can be shown 
that removal of th ie  bomdary layer alone w i l l  produce a Mach number of 
approximately 1.10 in the  tuunel;  the  experime-tal  curves would not, 
therefore, be expected to follow closely the calculated  curves a t  the 
Mach numbers below 1.10. The reduction of the difference8 at the -forward 
end of the channel between the experimental and calculated curvee at  
M >1.1 i s  at t r ibuted Both t o  the reduction in boundary-layer thiclmese 
and the  Increase in magnitude of the initial turn.  The measured preseure 
ratioe indicate that the f l o w  at the center line of the main stream was 
supersonic ahead of the porous sur face f o r  the tes ts  at  M = 1.08 
and 1.17; t h i s   i e   a sc r ibed   t o  a t h i n n h g  of the boundary layer  ahead of 
the poroue material .  

Maximum deviations  in Mach number of 20 .Ol are indicated by the 
experimental pressure distributions..  Surface,r.ollphneas f s  eepecially 
c r i t i c a l   i n   t h i s  tspe of tunnel since  supersonic  velocities  occur  very 
c lose   to  the surfake-as a r e su l t  of removal of eubetastial part of the . . 
air adjacent  to the walls. The presence of the many Mach wa~ee  in  the 
schlferen  photographs is  a. r e su l t  of the r o a - e a e  of. the  sintered bronTe . - 

floor.  Paralleliem  of these waves glvee some indication of the uniform 
velocity  existing throughout the t e s t   r eg ime .  Normal shocks i n  the 
downstream eection of the tunnel were caused by flow res t r ic t ion  at the 
end of the porous region where the w a l l 8  were again  eolid. 

The following  canclusions are based upon the resul t8  of thie pre- 
liminary  investigation of the parositg requirernente f o r  a variable Mach 
nmber eupersanic  tunnel of fixed geometry: 

From analysis : 

(1) Shock-free  flupersonic flows can.be ob,ta.ined i n  a tube of 
canatant cram aectian by removal of air throu& -porous w a l l s  to a 
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constant-pressure dumber by proper d i s t r i b u t f m  of porosity along 
t h e  tunnel. 

(2) The porosity requirements f o r  shock-free nozzlee v-ary with 
distance d o n g  the channel, Mach nunnber, and nith eta&nation tera- 
perature. 

( 3 )  Flows possesshg d y  wI1&u compreseiona can be obtained. 
Fn a cmstant-cross-sectian  channel by removal of air across w a l l 8  
of constant porosity t o  a chamber of canstant  preseure. 

(1) The measured pressure distributions are consistent with 
the calculated results. 

(2) The rate of expaneian at t he  tunnel W e t  i e  appreciably 
reduced by t he  presence of  the bomdary layer ahead of the  porous 
material. 

(3) Flows with Mach nlmiber variationa of .01 along the center 
line of a ffxed-geametrg tunnel were  o b t a h e d  throughout the speed 
range of the t e s t s  (M = 0 -99 to 1.17) by removal of air through 
ccnmnercid grade shtered bronze w a l l s .  

Langley Aermutical Laboratoq 
N a t i o n a l  Advisory Committee for Aeronautics 

Zangley Air Force Base, Ta. . 
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Figure 2.- Flow conditions for shock-free nozzlee. 
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Figure 2. - Concluded. 
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Figure 3 .  - Porosity requirement for shock-free flow. 
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Figure 3. - Continued.. 
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Figure 4.- Required porosity distribution for minimum-length shock-free nozzles. To = 500' R. 
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Figure 6.- General arrangement of e x p e r h n t a l  eetup. 
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(a) Top v i e w  of sintered-bronze flmr. 

(b) Photomfcrogram of sintered f loo r  enhrged 25 W t e r s .  

( c )  Bottom v i e w  of sintered-bronze f loo r  shar ing  lateral supports. 

Figure 7.- Porous sintered-bronze f loor .  v 
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Figure 8.- Porosity calibration of sintered bronze ueed in mlle o f  experimental channel. nJ 
ul 
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Figure 9.- Pressure distribution along center line of %-by Ic-inch 1 1 
2 

porous-wall tunnel. 
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Figure LO. - Schlieren photographs of f l o w  along 2- by &-inch porous- 1 1 
4- 2 - w a l l  tunnel. v 
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